The variation of the electrical signal with humidity in ceramic sensors is originated by the chemical and physical sorptions of water molecules existing in the atmosphere. The aim of the work described in the present paper is to establish an equivalent electrical circuit for the case of two titania thick-film samples. It is shown, at least for the temperature of 23
Introduction
The physical phenomena of electrical conduction and polarization which occur in a ceramic humidity sensor are usually represented by resistances and capacitances [1] [2] [3] [4] . Some papers [5] [6] [7] , however, go further on taking into consideration a Warburg impedance to explain mainly, and in more or less length, the spur presented in the Cole-Cole plots (−X = −X(R), in Z = R + jX, i.e., minus the imaginary part versus the real one of the total impedance of the sensor). The variations observed in humidity measurements in ceramic sensors are originated by the chemical and physical adsorptions of water molecules existing in the atmosphere [8] [9] [10] [11] . Some authors [12] [13] [14] reported that low and high humidity sensitivities are governed by different transport mechanisms, in which electronic conduction is included. It must be said that in our samples we did not find any trace of electronic conduction, and, more, in our interpretation of the results it seems that the same mechanisms exist at both low and high humidities. However, these mechanisms participate in different proportions, which allow to separate between low and high relative humidity (RH) ranges, the limits of which are situated between 30 and 40% RH.
The electrical response of a porous material will be related to the surface moisture affinity, and the porous film microstructure, namely the dimensions and interconnections of the capillary micropores.
The rather involved behaviour of our samples is understood by measuring their complex impedances subjected to an external sinusoidal varying electric field. Conduction mechanisms are dependent on free charge carriers, while the dielectric behaviour has to do with polarization processes. Since the first work by Bauerle [15] , complex impedance spectroscopy has been largely used to separate the several parts of the electrical response of ceramics, namely sensors.
The aim of the work described in the present paper is to establish an equivalent electrical circuit, within a frequency range, the response of which gives a good fitting for the obtained experimental data with an adequate physical comprehension based on the several known mechanisms already established and described in the literature. The best fitting was reached by heuristic reasoning after several previous attempts of various kinds of circuits, always supported by the underlying chemical and physical mechanisms. The same type of equivalent circuit represents adequately the complex impedance measurements we have obtained at the temperature of 23 • C for various relative humidities (RH) equal to 12, 17.5, 24.7, 54.7, 73.5, and 100% and at different frequencies, in the range 100 Hz-40 MHz for the sample A, and, for RH equal to 78, 87.5, and 100%, in the range 0.1 Hz-40 MHz for the sample B.
Samples and measurements
An explanation of the characteristics and fabrication of the samples as well as the description of the details related to the way measurements performed have already been described [16] . However, for the sake of an easy and satisfying understanding of the topic of this paper some essential information is given here.
Two different thick-film sensors, sensor A and sensor B, have been fabricated onto clean polished alumina wafers with a diameter of 20 mm and thicknesses of 3 mm. Over two silver paste electrodes with an interdigital pattern, an emulsion in acetone with ethyl cellulose as a temporary binder of asreceived TiO 2 powder (purity > 99%) was spin-coated onto the substrates at low speed (250 rpm) for 30 s. The coating procedure was repeated three times for sample A, and twice for sample B, with intermediate drying and the burning off the organic binder of the previous layers at 150 • C for 15 s. Afterwards, the deposited film was heated up in air up to 800 • C at a constant rate of 10 • C/min, and maintained at that temperature for 2 h. The X-ray diffraction (XRD) showed that the TiO 2 phase of the films is anatase. A constant relative humidity (RH) was obtained by mixing water-saturated air (synthetic air saturated with water vapour) with dry synthetic air in a given ratio. Impedance spectra were recorded in the range 0.1-200 Hz by means of a frequency response analyzer, Solartron (model 1250), and in the range 100 Hz-40 MHz by using an impedance/gain-phase analyzer, Hewlett-Packard (model HP4194A), both with a peak voltage of 0.5 V.
Results and discussion
This section will be organized into three parts:
(a) the basic models assumed for the electrical conduction and polarization;
(b) presentation of the registered Cole-Cole and Bode plots, and their interpretation; (c) presentation of the type of circuit adopted.
Basic models assumed for the electrical conduction and polarization
The electrical conduction and polarization are explained by the adsorbed water on the metal oxide surface and also on the capillary water condensation within the pores [17, 18] . The porous structure of the TiO 2 samples favours both these processes.
Two types of adsorption of water vapour molecules take place: in the beginning chemisorption occurs then followed by physisorption. When adsorption starts on the clean oxide surface, a layer of hydroxyl groups is formed. The water vapour molecules are chemisorbed through a dissociative mechanism by which two surface hydroxyls per water molecule are formed: the hydroxyl group adsorbing on a surface Ti 4+ ion and the proton forming a second hydroxyl with an adjacent surface O 2− ion.
It has been estimated that only one hydroxyl group is formed on each surface metal ion [10, 11] . Thus the initial chemisorbed layer is tightly attached to the titania grains surface. Once this initial layer formed, it is no further affected by exposure to humidity. In the case of anatase, which is the phase of our titania sensors, it has been estimated that the desorption of the chemisorbed layer takes place around 200 • C [19] .
As relative humidity (RH) increases, an additional layer of water molecules starts to be formed, on the chemisorbed one, being complete by 20% RH. Many more physisorbed layers will be joined as humidity gets higher [20] . These physisorbed layers are easily and reversibly removed by decreasing the humidity.
With more than one layer of physisorbed water molecules, water starts to be condensed into the capillary pores. The neck of the pore is filled or unfilled according to its radius and thickness of the physisorbed layer, i.e., depending on the magnitude of the relative humidity. With increasing RH, the thickness of the physisorbed layer of water gets bigger which leads to the filling of successively higher diameter necks, following the prediction of Kelvin equation:
r k being the neck radius, γ the surface tension, M the molecular weight of water, ρ the density of water, R the gas constant, T the absolute temperature, P s and P the water vapour pressure at saturation and the actual value, respectively. At room temperature (23 • C) and according to the above equation, water vapour starts to condense in mesopores of size 20Å around 15% RH and continues on up to around 1000Å under saturated atmosphere [21] .
Three regimes of electrical conduction could be assumed [8, 22] : (a) with only a small coverage of water, (θ 1), on the chemisorbed hydroxyl groups, proton (H + ) hopping dominates; (b) with a fractional coverage (θ < 1) of water, less than one physisorbed monolayer, hydronium (H 3 O + ) diffusion on hydroxyl groups dominates; (c) when water is abundant, with a coverage greater than one (θ > 1), then proton (H + ) transfer process is dominant.
In the regime (a), adsorbed vapour molecules originate hydroxyl groups. The hydroxyl groups dissociate originating protons, OH − → O 2− + H + , which requires a high activation energy. Protons will hop between the hydroxyl groups.
In the regime (b), each water molecule is slightly bonded with one hydroxyl group and H 3 O + will be the dominant charge carrier. Protonic migration proceeds following a chain of exchange reactions, H 3 O + + H 2 O ↔ H 2 O + H 3 O + [9] . Simultaneously, H + transfer also takes place between adjacent H 2 O molecules in clusters.
In the regime (c), when the fractional water surface coverage is greater than one (θ > 1), then the transport mechanism is assured by H + transfer between adjacent H 2 O molecules within a continuous film. The Grotthuss chain reaction takes place [8] , with H 3 O + being hydrated, H 3 O + → H 2 O + H + , which represents the transport mechanism energetically favoured in liquid water.
Finally, at high humidity, liquid water condenses in the pores, according to Kelvin's law, and electrolytic conduction occurs simultaneously with protonic transport [3, 18] .
The sensor capacitance, due to electric polarization, is also related to some sort of movement of charges in the applied alternating electric field. However, unlike the case of conduction, a translation movement is either blocked or hindered [23] . Electric polarization is related to an oscillation or reorientation of charges caused by the variation of the applied field. For the chemisorbed water molecules, as they are bound to the surface by two hydrogen bonds, they are not so free to reorient, following the external electric field, as those which are physisorbed, only singly bonded. Then the polarization, and consequently, the capacitance of the sensor will increase as less tightened are the water molecules with their neighbours, which happens as RH increases [24, 25] .
Adding up to molecules orientation, there is also the contribution to the polarization due to mobile charges accumulated at transitional structural places, as the two-layer model suggests [11, 26] . In conclusion, it can be said that polarization is originated both by the orientation of adsorbed water molecules and mobile charges accumulated at the electrodes and pore necks.
Recorded Cole-Cole and Bode plots
Cole-Cole and Bode spectra of the complex impedance, Z(f ) = R(f ) + jX(f ), of the TiO 2 thick films were recorded at different temperatures, with the relative humidity varying from 12 to 100% [16] . As it is well known, R is the resistance, X the reactance of the sample and f the frequency of the applied voltage. In this paper, only the results obtained at the temperature of 23 • C are reported, just because that is sufficient to give support to what we are interested: the proposal of a type of an equivalent electrical circuit for the sensor. As far as the frequency range is concerned, sample A has been measured in the 100 Hz-40 MHz range, while for sample B the range used was 0.1 Hz-40 MHz. In order to be included in the same plane, the diagrams are multiplied by appropriate factors (in brackets).
The Cole-Cole plots, shown in Figs. 1 and 2 , give a more direct and easy understanding of the conduction processes involved. It can be noticed that their areas shrink with increasing RH. At a sufficiently high RH, the Cole-Cole plots are composed by elongated semicircles prolonged by curved lines for the low values of frequency. This behaviour is basically explained by two relaxation mechanisms, with not very different time constants, for the higher frequencies and by diffusion charge transport, more dominant at lower frequencies. The Bode plots (Figs. 3-6 ) confirm the suggestions given by the Cole-Cole plots. At the higher frequencies, the observed shapes are typical of relaxation mechanisms expressed by the RC parallel circuits. At the lower frequencies, typical diffusion mechanisms traduced by constant-phase elements (CPEs) are evidenced.
These considerations were taken as an orientation for the choice of the type of equivalent electrical circuit of the sensor, as it is described below. As it is well known, the RC parallel circuit impedance is given by
with the angular frequency ω = 2πf . The corresponding Cole-Cole plot, −X = −X(R), is a semicircle, whose diameter is equal to R, and the angular frequency ω p at which the peak occurs obeys to the equation
The constant-phase element (CPE) has a complex impedance given by [27] 
represented in the Cole-Cole plot by a straight line making an angle of nπ/2 with the abscissae (R) axis. It must be said that the CPE-like response is always well approximated only over a finite range of frequency [28] . We think that CPEs represent what occurs at the electrodes-water layer and at the water molecules layers interface as well as inside the filled pores.
The type of circuit adopted
AC equivalent circuits for thick-film humidity sensors, which represent the effect of moisture on the electrical conduction and polarization of the material have been proposed by several authors [1, 4, 22, [29] [30] [31] [32] .
In general, for a given data set there exists more than one equivalent circuit which gives a reasonable fitting. The choice between these ones has to be based both in simplicity and consistency with the known physical and chemical processes which take place in the system [33, 34] . The best fittings were reached after several attempts. All the complex impedance plots obtained, Cole-Cole and Bode ones, were modelled, obeying the above criteria, by the equivalent circuit shown in Fig. 7 .
C geo is the geometrical capacitance. It has been measured without any film, only with the electrodes deposited on the wafer. Table 1 Values of the equivalent electrical circuit parameters of sample A, for different RHs The parallel R 1 , C 1 represents the hopping of hydronium ions, H 3 O + , and the parallel R 2 , C 2 the hopping of protons H + . We believe that the charge carriers are correctly assigned, because: (a) R 1 is in all cases greater than R 2 , since the activation energy of conduction for H 3 O + is greater than that of H + ; (b) C 2 is greater than C 1 because H + ions follow more easily the variations of the alternating field than the H 3 O + ions.
Diffusion causes a CPE behaviour [35] , which is reinforced by inhomogeneities in the dimensions and shape of the capillary pores. Surface roughness has also been considered as an important contributing factor [36] .
In the filled pores, the mechanism is under diffusion control, as it is assumed that the kinetics of the charge transfer at the water surface layer-filled pores interfaces is much faster than the diffusion of H 3 O + ions inside the pores [35] . In such a case, the diffusional contribution to the impedance is of the CPE-type.
The interfacial character of the impedance makes it partly capacitive as well resistive in nature.
CPE el is related to the electrodes-water layer interface with values of n el around 0.2-0.25, and those of A el decreasing with the decrease of RH. CPE po has to do with the contribution of the pores: the values of n po and A po decrease with the RH increase.
From Table 1 , it can be seen that for the sample A, a good fitting for the lower values of RH (12, 17.5, and 24.7%) can be obtained considering only CPE el . This means that we always have the influence of the electrodes-water layer interface diffusion, while the influence of the capillary mesopores is only operative for the higher values of RH, when water is condensed inside the mesopores, what in our measurements occurs above the value of 54.7% RH. Tables 1 and 2 show the best values obtained for the circuit elements of samples A and B, respectively.
As an example, we show the Cole-Cole plots fittings obtained for the sample B (Figs. 8-11 ), at 23 • C and at 87.5% RH: (a) in the range 0.1 Hz-40 MHz and (b) in the range 100 Hz-40 MHz, to get a more visible discrimination of the good fitting obtained at the higher frequencies, between 100 Hz and 40 MHz; and (c) the Bode plots in the 0.1 Hz-40 MHz range.
As a further confirmation of the attribution of CPE po to the charge transport related to the pores, we show in Table 3 for different RHs the maximum frequency, obtained by sim- Table 2 Values of the equivalent electrical circuit parameters of sample B, for different RHs ulation, at which the influence of the condensed water inside the mesopores is detected. Our interpretation of these results lies on the fact that for higher RH, the Kelvin radius decreases which also decreases the diffusion time, and, consequently, implies the response at higher frequencies.
Conclusion
Complex impedance data of two samples of titania thick films were recorded, at various relative humidities (RHs) and at the temperature of 23 • C, in the frequency range 0.1 Hz-40 MHz. A unique type of an equivalent electrical circuit was found to represent all the measurements performed. It is very simple, confirms the charge transport mechanisms related in the literature and is completely explained by the chemical and physical processes related to the water adsorption on the surface of metal oxide ceramics. The equivalent circuit comprehends two RC parallel circuits which represent two different relaxation processes in series with two constant-phase elements (CPEs) typical of ion diffusion and electrolytic conduction within the water condensed inside the mesopores. Cole-Cole and Bode plots are presented and interpreted on the basis of: (a) the chemisorbed and physisorbed layers of water molecules, varying with the relative humidity (RH) of the surrounding atmosphere and (b) the various transport mechanisms -ion hopping, ion diffusion and electrolytic conduction -the contribution of which is a function of the number of water layers adsorbed. Investigations to examine whether the same type of circuit is adequate to explain the dependence of complex impedance data on relative humidity (RH) in sensors with different chemical composition are going on.
